From 2005 to 2015, Ostrinia nubilalis were collected in the most important maizegrowing areas in Europe where MON 810 was cultivated. The susceptibility of these O. nubilalis collections to the Cry1Ab protein was determined using overlay bioassays and compared to that of reference (control) strains. Larvae that died or did not moult 
genetically modified maize expressing Bacillus thuringiensis (Bt) proteins (Bt maize). For example, Bt maize containing the event MON 810 expresses the Cry1Ab protein derived from B. thuringiensis subsp. kurstaki, which confers protection against certain lepidopteran insect pests such as O. nubilalis and the Mediterranean corn borer Sesamia nonagrioides.
The development of resistance in targeted lepidopteran pests is a potential concern for the deployment of Bt maize that are widely cultivated and very effective. To date, however, there have been only two lepidopteran species confirmed to have developed field-evolved resistance to Bt maize. One of these, the African stem borer (Busseola fusca), developed resistance to Cry1Ab (MON 810) maize in South Africa (Van den Berg, Hilbeck, & Bøhn, 2013; Van Rensburg, 2007) . The other, fall armyworm (Spodoptera frugiperda), developed resistance to Cry1F in Puerto Rico and Brazil (Farias et al., 2014; Storer et al., 2010) and to Cry1Ab in Brazil (Omoto et al., 2016) . Some of the factors likely to have contributed to these resistance cases include less than high dose control of the target pest, high product adoption, low alternative host availability and low refuge compliance (Castañera, Farinós, Ortego, & Andow, 2016; Storer et al., 2010) . There have been no reports of resistance to any Cry protein in O. nubilalis from Europe or North America.
To maintain the benefits of MON 810 maize varieties, insect resistance management (IRM) programmes have been implemented in Europe and North America where MON 810 varieties are grown commercially.
These programmes include insect resistance monitoring as one element.
Baseline susceptibility to the Cry1Ab protein was established for O. nubilalis collected in different maize-growing areas in Spain (Farinós, de la Poza, Hernández-Crespo, Ortego, & Castañera, 2004; González-Núñez, Ortego, & Castañera, 2000) , Germany (Saeglitz et al., 2006) and the USA (Marçon, Siegfried, Spencer, & Hutchison, 2000; Marçon, Young, Steffey, & Seigfried, 1999) . Annual monitoring studies have been (and continue to be) conducted for both O. nubilalis and S. nonagrioides in Spain (Castañera et al., 2016; Farinós et al., 2004 Farinós et al., , 2011 and for O. nubilalis in the USA (Siegfried et al., 2007) . In Europe, this monitoring programme follows the directives of the working group on IRM submitted to the Appropriate Authorities of the Member States and the European Commission (available since 2003 but published in 2007 [Alcalde et al., 2007] and subsequently updated as the EuropaBio harmonized IRM plan in September 2012 [Anonymous 2012] ). The objective is to detect any changes in target insect susceptibility relative to the baseline that could result in the decreased efficacy of MON 810 maize varieties, enabling the implementation of additional risk mitigation measures.
In this study, we review the results of the Cry1Ab resistance monitoring programme for O. nubilalis in maize-growing areas in Europe during the period 2005-2015, including the development and implementation of a diagnostic concentration (DC) approach for susceptibility testing. For each area, up to three different collection sites separated by at least 50 km were chosen. In refuges and non-Bt maize fields adjacent to Bt maize, O. nubilalis were mainly collected as larvae by dissecting maize stalks but also as adults using light traps or collecting egg masses laid on leaves. If more than one larva per stalk was found, only one was taken to avoid collecting siblings. At least 300 healthy larvae were collected from each area sampled. In the rare cases, when egg masses were collected, only one larva per mass (containing 20-30 eggs) was taken.
| MATERIALS AND METHODS

| Field collection and culture of O. nubilalis
Field-collected insects from different sites within the area studied were reared separately at 25 ± 2°C, 90% ± 2% RH and a photoperiod of 20:4 hr (L:D) to avoid cross-contamination with diseases like Beauveria sp. or Nosema sp. If the larvae did not pupate after a period of 2 weeks, they were assumed to have entered diapause and were transferred to another chamber maintained at 8 ± 2°C, 70% ± 5% RH and a photoperiod of 0:24 hr (L:D) until April. Larvae surviving the diapause period were transferred to fresh containers and placed in incubators with a humidity of 90% RH and a photoperiod of 20:4 hr (L:D).
The temperature was raised gradually from 15 to 25°C over a period of 10 days and then kept at 25°C until adult emergence. The adults were transferred to tubular oviposition cages and fed with 15% honey water to increase their fecundity (Leahy & Andow, 1994) . The insides of the cages were covered with filter paper (oviposition medium) that was changed twice a week. Egg masses were cut out and transferred to Petri dishes with moistened filter paper. If necessary, egg masses were stored for up to 7 days at 8 ± 2°C. Beginning in 2016, incubating egg masses were first heat-treated at 43°C for 40 min to reduce the possibility of Nosema infections (Showers, Hellmich, Derrick-Robinson, & Hendrix, 2001 ) and then placed in an incubator with a daily cycle of 20 hr at 25 ± 2°C, 4 hr at 20 ± 2°C, 90% RH and a photoperiod of 20:4 hr (L:D) (Guthrie, Robbins, & Jarvis, 1985) . O. nubilalis sampled as adults were kept under the same conditions as described above. O. nubilalis sampled as egg masses were treated similarly to egg masses produced by adults reared in the laboratory. Long-term rearing of a strain can cause poor performance (Moar et al., 2008) , so the reference strain G.04 was kept as two substrains and checked regularly for performance (size of adults, size of egg masses and development of larvae). No reduction in any of these three performance traits was observed. In 2011, analysis using a PCR-based method (Saeglitz et al., 2006) revealed that some individuals in one substrain were infected with Nosema, so that this substrain was terminated and the remaining substrain was used continuously since then. Individuals of this substrain produce good-quality egg masses and normal-sized adults, and according to periodic PCR analyses, the substrain is not infected with microsporidia and especially not with Using the PCR method, no individuals were found to be infected with Nosema or other microsporidia. 
| Laboratory reference strains
| Cry1Ab protein
| Susceptibility bioassays
The bioassays were carried out in 128-well trays (BAW128; BioServ, Frenchtown, NJ, USA) using the overlay treatment method. In each cell, 1 ml of artificial diet (Table S1 ) was dispensed; after it solidified, 100 μl of Cry1Ab protein solution was applied to the surface.
Egg masses from each of the locations sampled were incubated, and neonate larvae, within 12 hr of hatching, were transferred to the cells (one per cell), which were then covered with a lid (BACV16; Bio-Serv).
From 2012, the protocol of this bioassay was modified by combining all sites in an area into one bioassay population. Adults rather than larvae were combined to minimize the spread of infection between insects from different sites.
Eight concentrations (0.5-80 ng Cry1Ab/cm²) (batch 1) or nine concentrations (0.2-28.22 ng Cry1Ab/cm²) (batch 2) plus a control (bicarbonate buffer) were tested for each population. Until 2013, for each area three collection sites with 16 larvae were tested using each concentration of Cry1Ab batch 1 and 32 larvae were tested for the non-Bt control; in cases where batch 2 was used, 32 larvae were tested for each Cry1Ab concentration and 64 larvae were tested for the control. Beginning in 2014, three replicates were prepared for each concentration and the control. Each replicate consisted of 32 larvae per concentration (64 for controls), giving a total of 96 larvae for each concentration tested (192 for controls). For each replicate, neonate larvae from different oviposition cages were used. The susceptibility of the reference strains of O. nubilalis to Cry1Ab was assessed using the same stock solution.
Each assay was carried out at 25°C, 70% RH and a photoperiod of 0:24 hr (L:D). After 7 days, larval mortality and developmental stage were recorded. Larvae that had not grown beyond the first instar would not survive under field conditions (e.g., Siegfried, Spencer, & Nearman, 2000) , so the criterion for mortality used in this study included both death and inhibition of moulting and was used to calculate "moulting inhibition concentrations" (MICs). The Cry1Ab concentration that resulted in death or moulting inhibition of 99% of the larvae (MIC 99 ) was used as a DC. MIC 99 was calculated for batch 1 using the pooled results of all the experiments with O. nubilalis collected from 2005 to 2012 in the field in the Czech Republic, France, Germany, Italy, Panonia, Poland, Portugal, Romania and Spain, representing a total of 11,502 larvae.
| Statistical analyses
All statistical analyses were carried out using the computer program Fitted curves of susceptibility to the Cry1Ab protein of reference strains and field collections of O. nubilalis were generated for the MIC of neonate larvae after 7 days of feeding on treated diet. The significance of differences in the susceptibility of the reference strains and field-collected insects was tested by determining the 95% confidence limits (CL) of the MIC ratios (MICR) (Robertson & Preisler, 1992 T A B L E 1 Susceptibility of Ostrinia nubilalis neonates exposed to Cry1Ab measured over time for the areas included in this study. Collection sites were pooled based on their geographic and climatic similarity was 13.1-fold for all years. Samples were pooled to correspond to homogeneous regions based on knowledge of insect biology and geography (Alcalde et al., 2007) . Susceptibility of O. nubilalis collected in different geographic regions and exposed to purified Cry1Ab protein differed only slightly. Although variation in susceptibility to Cry1Ab was found among the populations pooled according to geographic and climatic conditions, the magnitude of the variation in MIC 50 was small. The MIC 50 -values varied by 1.8-fold, 6.6-fold, 2.6-fold, 4.2-fold, was also similar to that of the reference strains. There was no shift towards decreased susceptibility over time in the field-collected strains (Table 1) 
| Diagnostic concentration
| Confirmatory experiments
In 2005, one larva reached the 2nd instar at the highest concentration. 
| DISCUSSION
Many studies have examined the effect of Bt proteins on different pests of maize (Chaufaux, Seguin, Swanson, Bourguet, & Siegfried, 2001; Pereira, Lang, Storer, & Siegfried, 2008; Petzold-Maxwell et al., 2014; Priesnitz, Vaasen, & Gathmann, 2016) . Studies analysing economically important European pest species are rare because only in Spain is Bt maize a sufficiently important crop (James, 2014) .
The data from the present study indicate that, despite use of Cry1Ab (Siegfried et al., 2007) .
Similar levels of variability were also observed in a study that included populations of different voltine ecotypes and pheromone strains (Marçon, Taylor, Mason, Hellmich, & Siegfried, 1999 ). For the current study, the pheromone races were not distinguished.
In the first year of the present study (2005) concentration. In subsequent testing, the larvae from this exceptional population did not survive on vegetative-stage Bt maize (Crespo et al., 2009; Siegfried et al., 2007) . In a study of Asian corn borer (Ostrinia furnacalis) in the Philippines, some larvae survived on the DC of Cry1Ab but not on Bt corn leaf tissue (MON 810) (Alcantara, Estrada, Alpuerto, & Head, 2011) . These studies indicate that survival, if any, on the chosen DC should be further evaluated to assess its significance relative to product performance in the field (Siegfried et al., 2007) .
As recently reported (Castañera et al., 2016) , monitoring of S. nonagrioides also has revealed no evidence for the development of Cry1Ab resistance in Spain over 16 years of Bt maize use. Castañera et al. (2016) speculate that the compliance with refuge requirements in NE Spain, which is currently >90%, will contribute to product longevity. The present study includes data from areas throughout Europe and similarly shows no evidence of resistance to MON 810 maize. In addition to the factors already mentioned, the low adoption of Bt maize in the EU, outside of Spain, may have contributed to the observed lack of resistance.
To be suited for long-term, broad-area monitoring studies, the tools and methods used must make efficient use of protein and insect samples, as well as enabling comparisons across years. Regarding the assay method itself, two different bioassays, the incorporation method and the overlay or surface treatment method, have been commonly
used. An advantage of the overlay treatment is the lower amount of protein required for each test. Saeglitz et al. (2006) argue that, compared with the overlay treatment, the incorporation method results in a more homogenous distribution of the protein solution in the diet and thus more consistent results. However, the incorporation method also is more time-consuming in terms of preparation and requires larger amounts of protein (Meise, 2003; Saeglitz, 2004; Siegfried et al., 2007) . For these reasons, the majority of the susceptibility data published (as in this study) are based on the overlay treatment.
Comparisons of baseline susceptibility data from bioassays using the same method but with different batches of protein are difficult because susceptibility values may change with the batch. These differences may be erroneously interpreted as resistance evolution. González-Núñez et al., 2000) . Saeglitz et al. (2006) argue that the same protein batch should be used for baseline susceptibility bioassays and subsequent monitoring tests, but this requires producing and storing sufficient amounts of protein for long-term susceptibility monitoring all at one time. Cry1Ab protein activity can decline up to 11-fold after 2 years' storage at -20°C, but when stored at -80°C, the protein activity remains relatively stable for at least 30 months (Nguyen & Jehle, 2009 ). Because it is not possible to use a single protein standard indefinitely, every new protein batch has to be compared in bridging experiments with the protein standard used before.
The use of DCs, rather than concentration-response curves, provides several benefits including use of less protein, fewer total insects and greater sensitivity (more insects tested at the most informative concentration level) (Siegfried et al., 2007; Sims, Greenplate, Stone, Caprio, & Gould, 1996) . Consequently, resistance in monitoring for
Europe is being transitioned to a DC strategy using the values developed in this study.
The reference strains were established as a quality control for the bioassays and were used in protein bridging studies. Because rearing of insects for long periods could result in inbreeding effects, and the reference strain G.04 has been kept in culture since 2002, we considered whether this strain should be refreshed with new field-collected insects, but concluded that this could alter its response to Cry1Ab.
Instead, a new reference strain (ES.ref) was established. However, bioassays showed that the reference strain G.04 did not shift in susceptibility during this decade-long study.
Previous studies on the baseline susceptibility of European corn borer revealed some variability (Marçon, Young et al., 1999; Siegfried, Marçon, Witkowski, Wright, & Warren, 1995) , which indicated a potential for resistance development (Rossiter, Yendol, & Dubois, 1990 ).
In addition, variation in susceptibility among O. nubilalis from different regions makes identifying and differentiating between natural variation and low levels of resistance challenging (Glare & O'Callaghan, 2000; Koziel et al., 1993) . Thus, continuous monitoring using robust methods is necessary to ensure that any resistance that does evolve is detected and addressed promptly (Siegfried et al., 2007; Sivasupramaniam, Head, English, Li, & Vaughn, 2007) . 
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